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A method proposed some decades ago in the context of atomic physics has been applied
to NN scattering. It relies on the solution of the Lippmann Schwinger equation for a set
of complex energies above the positive real energy axis . By analytical continuation one
can gain the NN T- matrix on the real axis with very high precision. In this manner the
singularities of the Lippmann Schwinger kernel are avoided. Examples are provided. That
method can be expected to work equally well for nucleon numbers A greater 2 where more
intricate singularities occur.
§1. Introduction
Scattering by more than two particles upon each other requires boundary condi-
tions in conguration space of increasing complexity with growing particle numbers.
Those boundary conditions are reflected in momentum space by  ! 0 limits of dier-
ent resolvent operators G(E + i), where E is real and above some thresholds. While
such a singularity can easily be handled on a two-body fragmentation cut, it causes
already severe diculties on a three-body fragmentation cut like in the three-body
problem. There it leads to so called moving singularities 1). They can be treated
directly for instance using spline interpolations or just straightforward subtraction
methods 2). They can also be circumvented by contour deformations of the path of
momentum integration 3) - 5). In any case this requires great care. For more than
three particles the four-body break up singularities pose even harder challenges.
In the past several additional methods have been proposed especially for two-
body fragmentations. For instance in 6) the T- matrix is evaluated at negative ener-
gies , where bound state methods can be employed, and then analytically continued
to the energy in the scattering region. In 7) - 9) the T-matrix is evaluated at several
complex energies above the positive real energy axis and then the value on the real
energy axis is again determined by analytical continuation. All the applications we
are aware of are in the eld of atomic physics.
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solves many body equations based on a complex energy, thereby avoiding the com-
plicated boundary conditions in conguration space or when used in momentum
space 11) avoiding singularities. But in this case no continuation to the real energy
axis is performed and the imaginary part of the energy is kept xed. Certain inver-
sion procedures are subsequently employed.
Here we would like to reconsider the approach evaluating the two-body T-matrix
for complex energies and performing an analytical continuation to the real axis. In
view of future applications to the eld of nuclear physics we shall employ nucleon
- nucleon forces . A subsequent paper will deal with scattering processes in the
3N system. Section II displays our studies for two nucleons. We end with a brief
outlook.
§2. Two- Nucleon Scattering
We start with a simple model for the NN forces allowing for an analytical solu-
tion, the Yamaguchi separable force 12)






It leads to the two-body T- matrix














Now we evaluate τ(E) replacing energy E  k2/m by E + i, where  is now
nite and we choose a set of discrete ’s. That function ~τ()  τ(E + i) can be












   (2.4)
The coecients ai are easily deduced from the discrete set of ~τ()-values:
al =
1












[τ(E + i1)/τ(E + i2)]− 1
2 − 1 . (2
.6)
Letters 3
 [MeV] τ (E + i) [fm2]
0.1 -0.11701981630329802 -0.60857451562152798 i
0.2 -0.11924707235802381 -0.61103993137637069 i
0.3 -0.12151390252710244 -0.61348507952563247 i
0.4 -0.1238200220019596 -0.6159089815519192 i
0.5 -0.12616511343686601 -0.61831066360816722 i
0.6 -0.12854882700065837 -0.62068915788211088 i
0.7 -0.13097078049779975 -0.62304350396337027 i
0.8 -0.13343055955913999 -0.6253727502090104 i
0.9 -0.13592771790246552 -0.62767595510338259 i
1.0 -0.13846177766262588 -0.62995218860804847 i
0 -0.1148323866513037 -0.60608981409107898 i
exact -0.11483238665130231 -0.60608981409107832 i
Table I. The propagator tau from Eq(2.3) for dierent  - values. The value for =0 is evaluated
by the point method 6). The exact value is obtained from Eq.(2.3). There parameters are
λ=-0.5592[fm2 ],β=1.13[fm−1 ] and m−1=41.47[MeVfm2 . The energy is 10.0 MeV.




0.4 0.074878-0.38063 i -9.7683 ×10−4+8.8418×10−3 i 4.5582×10−3-2.9901×10−4 i
0.5 0.072896-0.38404 i -8.0207×10−4+9.1311×10−3 i 4.5523×10−3-3.1989×10−4i
0.6 0.070821-0.38742 i -6.2122 ×10−4+9.4171×10−3 i 4.5460×10−3-3.4052×10−4i
0.7 0.068651-0.39077 i -4.3437 ×10−4+9.6996×10−3 i 4.5392×10−3-3.6090×10−4 i
0.8 0.066387-0.39409 i -2.4160 ×10−4+9.9782×10−3 i 4.5319×10−3-3.8100×10−4 i
0 0.081860-0.36687 i -1.6137 ×10−3+7.6562 ×10−3 i 4.5768 ×10−3-2.1337 ×10−4 i
exact 0.081860-0.36687 i -1.6138 ×10−3+7.6564 ×10−3 i 4.5767 ×10−3-2.1338 ×10−4 i
Table II. T-matrix of 3S1-
3D1 state for dierent -values. The value for =0 is calculated by the
point method and compared to the exact number resulting directly from Eq.(2.7).
An example is displayed in Table I, which shows the smooth behavior of ~τ() sampled
for discrete epsilon- values according to Eq(2.3). The analyticllay continued value
for  =0 as given by (2.4) agrees perfectly well with the exact one.
Now that approach also works perfectly for a modern high precision NN force
like the CD-Bonn potential 13). As an example we take the coupled channel case
3S1 −3 D1 and solve now the two- body Lippmann Schwinger equation







E + i− p002m
Tl00l(p00, p) (2.7)
numerically for a set of - values. We use the same method. The continued fraction
is now in the matrix






   (2.8)
where Ai are components of 22 matrices. We arrive at the results displayed in Table
II. There we show the on- shell T- matrix elements T00(p, p), T02(p, p), T22(p, p) for
p =
p
mE, E =10.0 MeV and dierent -values. Again we see a smooth dependence
on . The resulting matrix from the point method elements (=0) are compared to
the values evaluated by a standard subtraction method in Table II. The agreement
is again perfect.
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That expansion works equally well for o- shell T- matrices lim!0 T (p0, p;E+i)
where p 6= p0 and E not connected to p or p0.
§3. Outlook
We demonstrated the easiness by which the singularities in the Lippmann Schwinger
equation for NN scattering can be avoided. We used a set of complex energies above
the positive real axis and based on that performed an analytical continuation to the
real axis. This analytical continuation was performed by the point method ( a con-
tinued fraction expansion). This will then also allow to search for resonances below
the real axis.
In case of the three- body Faddeev equations one encounters in the integral
kernel two types of singularities related to the nucleon-deuteron and three-nucleon
cuts. 14) - 16) The rst one is generated by the o- shell NN T- matrix and the second
one by the free three-nucleon propagator. Choosing a complex energy above the
real axis leads to an integral kernel which is free of singularities. The corresponding
Faddeev equation can then be solved precisely with present day techniques. Then
an analytical continuation of the amplitude toward the real energy axis should be
possible. In a forthcoming paper a solution of the three-nucleon Faddeev equation
for realistic NN forces will be displayed with this scheme. We hope that the method
is applicable to even more than three particles like the complex four- body break-
up process , where no calculations have been performed so far.
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